Recent work has shown that the nature of hydration of pure hydrophobic surfaces changes with the length scale considered: water hydrogen-bonding networks adapt to small exposed hydrophobic species, hydrating or ''wetting'' them at relatively high densities, whereas larger hydrophobic areas are ''dewetted'' [Chandler D (2005), Nature 29:640 -647]. Here we determine whether this effect is also present in peptides by examining the folding of a ␤-hairpin (the 14-residue amyloidogenic prion protein H1 peptide), using microsecond time-scale molecular dynamics simulations. Two simulation models are compared, one explicitly including the water molecules, which may thus adapt locally to peptide configurations, and the other using a popular continuum approximation, the generalized Born/surface area implicit solvent model. The results obtained show that, in explicit solvent, peptide conformers with high solvent-accessible hydrophobic surface area indeed also have low hydration density around hydrophobic residues, whereas a concomitant higher hydration density around hydrophilic residues is observed. This dewetting effect stabilizes the fully folded ␤-hairpin state found experimentally. In contrast, the implicit solvent model destabilizes the fully folded hairpin, tending to cluster hydrophobic residues regardless of the size of the exposed hydrophobic surface. Furthermore, the rate of the conformational transitions in the implicit solvent simulation is almost doubled with respect to that of the explicit solvent. The results suggest that dehydration-driven solvent exposure of hydrophobic surfaces may be a significant factor determining peptide conformational equilibria.
H
ydrophobic interactions are among the main thermodynamic driving forces in self-assembly of soft and biophysical matter (1) (2) (3) . Recent work indicates that the nature of hydrophobicity differs depending on whether small molecules or large clusters are considered (4) (5) (6) (7) . A small number of methane molecules in water show little tendency to aggregate (8, 9) . On such small length-scales, water can host and ''wet'' the hydrophobic species without significant modification of its intermolecular organization (7, 10) . In contrast, when the nucleus of a hydrophobic species extends beyond a critical length (11) , a liquid-vapor-like ''dewetted'' interface will form at the solute surface (4, 12, 13) , involving a higher thermodynamic cost (7, 14) and inducing hydrophobic collapse (12, 15, 16) .
Although quantitative theories exist regarding the role played by hydrophobicity in the clustering processes of pure hydrophobic systems in water (14, 17) , our understanding of hydrophobicity in the context of protein and peptide folding in which amphiphilic species are concerned is still incomplete. Solutionscattering experiments on aqueous solutions of small amphiphiles, such as methanol (10, 18) , or single hydrophobic amino acids, such as N-acetyl-leucine-amide (19, 20) , have revealed that, even at high concentrations, the solutes form only small clusters and do not segregate themselves completely from the aqueous solvent to form a large hydrophobic core. However, there is no clear consensus on the nature of hydration of such amphiphilic species. The organization of water molecules might be enhanced around the exposed hydrophobic portions involving, for example, clathrate-like structures (20) (21) (22) , or alternatively may remain bulk-like (18, 23) . For folded proteins, there is evidence that the local hydration density varies with the surface topography and local electrostatic field, rather than directly with the hydrophobicity of the surface residue considered (24) .
Here we perform a simulation study of the folding of a ␤-hairpin peptide, to address the role played by solvent hydration density variations in peptide conformational equilibrium. To do this, two simulation models are compared, one using explicit water molecules and one with implicit solvent. In the explicit model, water molecules may adapt to the local structural properties of the peptide. In contrast, in the implicit model, which is computationally less expensive, the solvent is treated as a homogeneous isotropic dielectric continuum. The implicit solvent model used here is the generalized Born/surface area (GB/SA) model (25) , which is among the most widely applied implicit solvent models. In GB/SA, the solvation free energy is decomposed into a nonpolar (cavity formation and dispersion interaction) component, typically approximated by a linear term that is proportional to the solvent-exposed surface area (26, 27) , and an electrostatic term corresponding to the free energy of charging the solute (25) . By using GB/SA, structures in agreement with experiment have been computed for some proteins (28, 29) and peptides that possess hydrophobic cores (30) (31) (32) (33) (34) (35) .
The peptide studied here is an amyloidogenic ␤-hairpin peptide (residues 109-122 of the Syrian hamster prion protein, H1 peptide). This peptide was chosen because it exhibits large solvent exposure of the hydrophobic residues, typical of aggregation-prone molecules, but the size scale of the exposed hydrophobic patches is not large enough to actually induce hydrophobic collapse. Analysis of both the explicit and implicit solvent simulations enables us to examine the role played by hydration density variations in the thermodynamic stability of the peptide and points to dehydration solvent exposure of hydrophobic surfaces as being a driving force in the folding of the peptide. ulation in explicit water has been provided previously (36) (37) (38) . The peptide, when initially modeled as an ␣-helix, preferentially adopts a ␤-hairpin conformation that undergoes several unfolding/refolding events. An example of the observed ␤-hairpin is given in Fig. 1a . The hairpin is consistent with chemical shifts measured by NMR (39) and with a low-resolution structure derived using x-ray diffraction (40) . For the present study, an additional 2-s simulation of the H1 peptide was performed in equivalent physicochemical conditions but with the implicit solvent model (GB/SA simulation).
To quantitatively compare the structural thermodynamics in the two simulation models, the stability of the unfolded state relative to that of the helical and ␤ secondary structure motifs was calculated. Given thermodynamic equilibrium, at constant temperature and volume, the stability is given by the free energy difference between the unfolded state, u, and the given folded state, f, ⌬A u3f ϭ ϪRT ln p f /p u , where R is the ideal gas constant, T is the temperature, and p f and p u are the probabilities of being in states f and u, respectively. In Fig. 2 is presented the sampling dependence of the free energy change estimate for the transition from the unfolded state to the following secondary structure states: (i) the ''␤-turn'' state, which comprises all configurations in which the Ala113-Ala116 turn is formed (u 3 turn); (ii) the ''fully folded ␤-hairpin'' state, comprising all configurations in which the turn is formed and the termini are close together in space, i.e., the hydrogen-bonding distance between Met109(H) and Val121(O) is Ͻ0.3 nm (u 3 hairpin); (iii) helical structures (u 3 helix). The plots show that in both simulations convergence of the free energy values is achieved within Ϸ1 s, such that free energy changes associated with the secondary-structure conformational transitions are obtained to within 0.5 kJ/mol statistical accuracy. Extending the GB/SA simulation up to 2 s confirmed the convergence for this method (data not shown).
The free energy changes for the u 3 turn and u 3 helix transitions are very similar in the explicit and implicit solvent simulations (⌬A u3turn Ϸ1 kJ/mol and ⌬A u3helix Ϸ 8-10 kJ/mol), both exhibiting the higher stability of the ␤-turn structures relative to helical geometries. However, the fully folded hairpin is destabilized in the implicit solvent relative to the explicit solvent simulation by Ϸ6.5 kJ/mol (⌬A u3hairpin Ϸ 9 kJ/mol and Ϸ3.5 kJ/mol, respectively). The 3.5 Ϯ 0.5 kJ/mol value of ⌬A u3hairpin can be compared with experimental values ranging from Ϸ Ϫ7 to Ϸ3 kJ/mol for various ␤-peptides (41). In the 1-s explicit solvent simulation, six refolding events were observed (vs. five in the implicit solvent simulation). This yields a mean folding time, as defined by the mean residence time of the unfolded state, of Ϸ150 ns, which compares with experimental folding times of various ␤-peptides ranging between 52 s and 260 Ϯ 20 ns (41-43). Therefore, both the rate of folding/ unfolding and the stability are consistent with the experimental data available on fast-folding ␤-hairpin peptides.
To further explore the difference in stability of the hairpin found in the GB/SA and explicit solvent simulations, the free energy profiles as a function of the distance between the hydrogen and oxygen atoms involved in the ␤-hairpin interstrand hydrogen bonds were calculated. The profile showing the largest difference is that of the terminal hydrogen bond, between Met109(H) and Val121(O), shown in Fig. 1c . The profiles from both models possess a narrow minimum at Ϸ0.2 nm (corresponding to fully folded structures, as in Fig. 1a ), a significant barrier to separation of the hydrogen bond at Ϸ0.3 nm, and other minima at Ϸ0.5-0.8 nm. In both the explicit solvent and GB/SA simulations, the fully extended hairpin state (at Ϸ0.2 nm) is characterized by high solvent exposure of hydrophobic residues, as shown by the corresponding average hydrophobic solventaccessible surface area, S pho , plotted in Fig. 1d . Although this state is the global free energy minimum in explicit solvent, it is highly destabilized in the implicit solvent. In contrast, structures populating the minima at 0.5-0.8 nm, i.e., corresponding to the global GB/SA free energy state, mostly have the turn formed, but with disordered termini and a lower S pho , consistent with more collapsed structures. A representative structure of the global GB/SA free energy minimum is illustrated in Fig. 1b . High S pho , as observed for the fully folded hairpin, is also observed for unfolded conformations
However, a more instructive property differentiating the folded and unfolded structures is the fraction of the exposed surface area that is hydrophobic, f pho , i.e., the ratio of the hydrophobic solvent-accessible surface area to the total solvent-accessible surface area. This ratio is lowest in the unfolded state (Fig. 1e) .
The question arises as to the role played by the solvent in the different arrangements of hydrophobic residues observed in the two solvent models. To investigate solvent effects in the context of the hydration properties proposed in refs. 7, 11, 14, 15 , and 44, we compare the hydration in the explicit-solvent simulation of the H1 peptide with the hydration of a hypothetical pure hydrophobic polymer of the same size as the H1 peptide, modeled by setting all partial charges to zero and simulated for 500 ns under the same conditions as the explicit solvent simulation of the H1 peptide.
The H1 hydrophobic analog was found to collapse into a globular structure, with a radius of Ϸ0.9-1.0 nm, that remains stable over the whole simulation time. The corresponding radial distribution of the distance of the water oxygen atoms to the peptide surface hydrophobic-residue carbon atoms exhibits a first hydration shell density Ϸ25% lower than that of the bulk (Fig. 3a, circles) , indicating solvent depletion at the surface, as has also been observed previously for simulations of hard spheres with radii Ն1.0 nm (14) . The hydration density around the exposed hydrophobic surface, w pho , remains constant over the whole simulation time, with an average value of Ϸ16.22 nm
Ϫ2
(shown in Fig. 3b as a gray line) . These data show that the behavior of the H1 hydrophobic analog is consistent with the ''dry'' regime of purely hydrophobic solutes for which dryinginduced hydrophobic collapse is observed (15) .
For the H1 peptide, which contains both hydrophilic and hydrophobic surface sites, the radial distribution corresponds to a first-shell hydration density comparable to the bulk density, suggestive of a wet regime (Fig. 3a) . Furthermore, analysis of the local hydration densities around the hydrophobic and hydrophilic residues, w pho and w phi , as a function of the exposed hydrophobic surface area fraction, f pho , reveals clear trends (Fig.  3b) . When f pho is at its minimum (Ϸ0.58), the hydration density is similar around hydrophobic and hydrophilic sites ( w pho Ϸ w phi Ϸ 18.0 nm Ϫ2 ). With increasing f pho , the local hydration density around hydrophobic residues decreases, while increasing around hydrophilic sites. These trends suggest that the surface polar atoms may aid in depletion of water around neighboring hydrophobic surfaces by taking up hydration water.
To study the effects of local hydration density variations on folding thermodynamics, the structures generated from the explicit solvent simulation were clustered according to their w pho values, and for each cluster the free energy profile along the Met109(H)-Val121(O) distance was calculated. The results are shown in Fig. 4a . In the Inset, the free energy differences between the solvent-separated (at 0.55 nm) and hydrogenbonded (at 0.2 nm) minima, and between the transition state and solvent-separated minimum, are shown for the different profiles. Although the barrier height shows little dependence on w pho , a crossover from positive (ϩ2 kJ/mol for w pho ϭ 16.25 Ϯ 0.25 nm Ϫ2 ) to negative (Ϫ4 kJ/mol for w pho ϭ 18.75 Ϯ 0.25 nm Ϫ2 ) values of the free energy difference between the solventseparated and global minimum is observed, i.e., the fully folded hairpin is destabilized with respect to the collapsed, partially unfolded state by Ϸ6 kJ/mol when w pho increases by 13%. Existing implicit solvent models treat the water as a highdielectric continuum. This leads to the continuum models being unable to properly describe phenomena such as local water depletion around hydrophobic residues. Indeed, comparison of the free energy profiles obtained from the GB/SA simulation and the explicit solvent simulation calculated on the subpopulation with the highest surface hydration, which is the hydration condition closest to the uniform dielectric implicit solvent model, confirms this hypothesis: the free energy difference between the solvent-separated and hydrogen-bonded minima is the same for both models in this case (Fig. 4b) . Therefore, because the implicit solvent model does not represent local dewetting, the collapse of hydrophobic residues is favored, with a consequent strong effect on the equilibrium conformational distribution. Finally, we examine solvent effects on the peptide dynamics. Following previous work (37, 38), we consider the dynamics along a single backbone collective degree of freedom, the conformational coordinate, q, defined as the slowest relaxing backbone collective coordinate resulting from a principal component analysis of the backbone atomic fluctuations (45) (46) (47) .
We model the mean square displacement along the coordinate q, ͗⌬q 2 (t)͘, with a multiexponential decay of the corresponding velocity autocorrelation function (37, 38) . The diffusion along the coordinate q is described by two processes: (i) short-time diffusion (typically up to a few picoseconds) within a configurational region, which may correspond to a single harmonic well, followed by (ii) long-time diffusion between such regions. The model has the following functional form: Fig. 5a shows ͗⌬q 2 (t)͘ obtained by the simulations, together with fits of Eq. 1 over time ranges of 1,000 ps and 500 ps for the explicit and implicit solvent simulations, respectively. The different time intervals are chosen such that, for all of the profiles, the same final ͗⌬q 2 (t)͘ value is reached, corresponding to Ϸ0.12 nm 2 . Diffusion coefficients and relaxation times obtained from the models are listed in Table 1 .
The model functions reproduce ͗⌬q 2 (t)͘ over the whole time range. For the implicit solvent simulation, ͗⌬q 2 (t)͘ is found to be accurately modeled with only two exponentials, whereas three are necessary for the explicit solvent simulations. Furthermore, the implicit solvent simulation undergoes faster conformational diffusion. The reason for these differences is again found in the analysis of the specific peptide-solvent interactions. The average lifetime of the water-peptide hydrogen bonds (Table 1) calculated from the explicit solvent simulations almost coincides with the 2 relaxation time (Ϸ10 ps). This relaxation is absent in the GB/SA simulation. Another striking result is that in both simulations the average intrapeptide hydrogen bond lifetime (last column of Table 1 ) and the slowest conformational relaxation time are found to almost coincide, indicating that with both the explicit and implicit solvent models the slowest conformational relaxation is driven by intrapeptide hydrogen bond dynamics.
The above data indicate that the use of the implicit solvent results in significantly faster conformational diffusion because of lower complexity and a less-hierarchical character of the underlying energy surface (as depicted in Fig. 5b) , due to the absence of water-protein hydrogen bond breaking and forming.
Conclusions
The present work investigates solvent effects on the folding/ misfolding process of a ␤-hairpin peptide, the 14-residue amy- loidogenic prion protein H1 peptide (39, 40) . To distinguish between continuum and explicit solvent effects, an implicit solvent simulation based on the generalized Born method (GB/SA simulation) is compared with explicit solvent molecular dynamics simulations. This comparison is made on the microsecond time scale, 2 to 3 orders of magnitude longer than in previous comparative studies (32, (48) (49) (50) and within reach of experimental peptide folding times (51) . The implicit solvent model reproduces the explicit solvent simulation conformational thermodynamics (i.e., the free energy differences between specific ␤-structures and the unfolded state) only up to the formation of the ␤-turn. In the implicit solvent simulation, low free energy structures are always associated with low exposure of hydrophobic surface area. Therefore, the conformation of lowest free energy in the explicit solvent simulation, the fully folded extended hairpin, is destabilized by the implicit solvent model as it is characterized by high exposure of hydrophobic residues and the absence of a hydrophobic core.
A consistent explanation for the thermodynamic behavior arises from the analysis of how local water hydration density changes accompany the exposure of hydrophobic patches in the explicit solvent simulation. Local variations of the first hydration shell density are found to correspond to partial drying around exposed hydrophobic residues, with a simultaneous increase in hydration density around the hydrophilic residues. If the depletion of water were to be uniform around the peptide, hydrophobic interactions would be expected to dominate (15) , with resulting destabilization of the fully folded hairpin. Instead, the local drying allows hydrophobic patches to be hosted by the solvent, thus stabilizing the noncollapsed form. The implicit solvent model is unable to reproduce the local water density variations and therefore does not accommodate small hydrophobic nucleii at the surface, resulting in a tendency to collapse, irrespective of the size scale of the exposed hydrophobic surface area.
The possibility does exist of errors in the computed GB/SA structures and relative thermodynamics arising from inaccurate effective Born radii. However, the parameters used here in the approximate analytical formula for computing the Born radii (25) have been optimized to minimize the differences between the effective Born radii calculated by the finite-difference PoissonBoltzmann method and by the approximate formula. Moreover, another GB/SA solvent simulation of the H1 peptide (52) performed with a different force field, namely OPLS (53), showed the same structural features of the peptide found in the present GB/SA simulation. Conceivably, however, an implicit solvent model could be devised that would mimic the effect on peptide conformational equilibrium of the hydration shell density variations seen here.
Analysis of the dynamics along the main conformational coordinate indicates that the absence of atomistic details in the implicit solvent simulation results in an enhanced diffusion rate (almost doubled in the present case). The dynamics is found to correlate well with intrapeptide and peptide-water hydrogen bond formation and rupture. In particular, a relaxation process in the peptide, driven by peptide-solvent hydrogen bond forming and breaking, is present in the explicit solvent simulation only.
The present results point to a role of local hydration structure in determining the structural organization of peptides and, therefore, folding/unfolding thermodynamics. Enhanced interactions between water and polar sites at the surface allow modulation of the hydration density of neighboring hydrophobic units and thus, consistent with the principles described in refs. 7, 12, 16, 20 , and 54, in the character and strength of the hydrophobic interaction in biomolecular systems.
Methods
The explicit and implicit solvent simulations of the H1 peptide (MKHMAGAAAAGAVV) were performed under the same physicochemical conditions, with the same force field for the peptide (55) . Simulations were performed in the NVT ensemble with isokinetic temperature coupling to keep the temperature constant at 300 K (56). The bond lengths were fixed (57) , and a time step of 2 fs was used for numerical integration of the equations of motion. Coordinates were stored every 2 ps. The side-chain protonation states reproduce a pH of Ϸ7. The N and C termini were amidated and acetylated, respectively (39) .
For the simulations in explicit solvent, one peptide molecule was placed in a periodic truncated octahedron large enough to contain Ϸ1.0 nm of water on all sides, modeled with the simple point charge model (58) , and one negative counter ion (Cl Ϫ ) was added to neutralize the system. For the simulations without explicit water molecules, the implicit solvent was modeled by using the generalized Born theory (59) , in which the protein is surrounded by a uniform polar solvent with a dielectric constant w ϭ 80. The Born radii were calculated by using the fast asymptotic pairwise summation of ref. 60 . The relevant parameters for the GROMOS96 force field were taken from ref. 61 . The nonpolar part of the solvation free energy was modeled by using an effective surface tension associated with the solventaccessible surface area (60) . Instead of a costly calculation of the accurate surface area, a mimic based on the Born radii was used, which has been shown to be very accurate and much faster (30) .
The following simulations were performed:
Y Explicit solvent. MD was performed in explicit water for 1 s with long-range electrostatic interactions treated with the particle mesh Ewald method (62) , with a real-space cutoff of 0.9 nm. The first 240 ns were performed starting from the ␣-helix conformation obtained in previous work (36) and the following 760 ns starting from the ␤-hairpin conformation observed during the previous 240-ns simulation, using a new set of initial velocities. Y GB/SA. MD was performed with implicit solvent for 500 ns, starting from the ␣-helix conformation obtained in previous work (36) , and for 1.5 s starting from the ␤-hairpin conformation observed in the explicit solvent simulation. All pairwise interactions were modeled, i.e., no cutoff was used. Similar results were obtained by an additional Langevin dynamics simulation performed with the same GB/SA implicit solvent model but using a Langevin integrator with a friction coefficient of 90 ps Ϫ1 . D0 is the short-time diffusion constant; Dϱ is the long-time diffusion constant; and 1, 2, and 3 are the relaxation times. The data are calculated over a time range of 1,000 ps and 500 ps for the explicit and implicit solvent simulations, respectively. In the last two columns are reported the average hydrogen bond lifetimes for two different kinds of hydrogen bonds: water-peptide, wp, and intrapeptide, pp. Noise is indicated in parentheses and corresponds to a standard deviation.
